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 Fibrous materials mimic the fog harvesting behaviour of the Salsola crassa plant.
 Hierarchical structures and hydrophobicity enhance mist collection efficiency.
INTRODUCTION
Around one billion people in the world lack access to clean drinking water, with many living in arid or semi-arid regions 1 . Additionally, three out of four jobs worldwide are water-dependent, and lack of access is limiting economic growth in some developing countries 2 . Water collection from the air (moisture condensation and fog harvesting) is a potentially cheap and environmentally-sustainable approach in arid regions of the world suffering from shortages of potable water required for drinking and agricultural purposes 3, 4, 5, 6 .
Existing large-scale (50 m 2 ) fog collection systems are based upon vertically hanging flat screen nets (Raschel meshes, fibre and gap length scales are in the millimetre and centimetre ranges respectively); these are reliant upon aerodynamic drag and offer relatively low surface areas leading to ∼20% efficiency 7, 8 . Typical fog harvesting yields are reported to be 1-10 L m -2 Day -1 . 4 Furthermore, high wind speeds and pressure can cause sagging and plastic deformation of such manmade two-dimensional nets leading to tearing and ruptures 9 . Alternative sponge-like materials have been found to either display low fog collection efficiencies 10 or require additional steps for water recovery 11 . Fog collectors can also be found in nature, these include spindle-knots of spider silk 12 , barbed surfaces of Hordeum vulgare 13 , cactus 14 , twisted spiral desert geophytes, 15 and fibrous hairs of the Cotula fallax plant 16 .
In this article, a three-dimensional compact, high effective surface area, and multiple length scale (hierarchical) fog collection structure is described, which has been inspired by the Salsola crassa plant species found in arid climates, Scheme 1.
Salsola crassa M.Bieb. subsp. crassa is an annual xero-halophytic plant which is found in south-west and central Asia, Ukraine, and Transcaucasia 17, 18 . In Turkey, the plant's native habitat is in one of the most arid parts of the country, namely the Iğdır plain and near to Lake Tuz. In both of these regions, the average annual precipitation is very low (252 mm and 323 mm respectively). The younger plants have a pubescence of fine, entangled hairs (arachnoid indumentum) on their leaves, however these disappear by the time they become adult plants (glabrescent or glabrous). During spring (the fog season), the arachnoid indumentum most probably allows the younger plants growing from seeds to collect water and minimise loss via transpiration in such arid conditions. Scheme 1: Fog collection mechanism of Salsola crassa plant species and bioinspired fibrous water harvesting.
EXPERIMENTAL

Plant Species and Materials
The plant Salsola crassa M.Bieb. subsp. crassa was sourced near to Lake Bolluk, located in Cihanbeyli-Konya, Turkey. Hairs (trichomes) from the leaves were removed using adhesive tape (product code AB124, Alfabant Company, Turkey). 
Surface Functionalisation
Initiated chemical vapour deposition (iCVD) surface coatings were applied in a custom-built stainless steel chamber (20 cm width, 30 cm length, and 5 cm height) 19 .
The chamber was connected to a two-stage rotary pump, with a butterfly-valve (MKS) located between the chamber and the pump, used to control the chamber pressure (monitored by a capacitance Baratron pressure transducer, MKS). This was done through a proportional-integral-derivative (PID) control unit (MKS), connected to both the pressure transducer and the butterfly-valve. Monomer 1H,1H,2H,2H-perfluorodecyl acrylate (PFDA, Sigma Aldrich, 97%) and initiator ditertbutyl peroxide (TBPO, Sigma Aldrich, 98%) were used as received, without further purification 20 . Each substrate sample was placed inside onto the base of the chamber (maintained at 35 °C using water cooling), followed by evacuation to system base pressure. Next, precursors vaporised in stainless steel vessels were fed into the chamber via needle control valves at predetermined pressures. A tungsten (Alfa Aesar, 0.375 mm diameter, 99.95%) filament array located 20 mm above the substrate surface was resistively heated using a variable transformer to initiate the polymerization reactions. Filament temperature during deposition was monitored using a K-type thermocouple (Omega) directly attached to one of the filaments. Depositions onto a reference silicon wafer were monitored using interferometry with a 632.8 nm He-Ne laser source. The deposition conditions used were as follows: 150 mtorr chamber pressure, 280 °C filament temperature, 0.5 sccm PFDA flowrate, 0.8 sccm TBPO flowrate. Upon completion of iCVD, the precursor feed valves were closed, and the chamber vented to atmosphere.
Plasmachemical surface functionalisation was carried out in a cylindrical glass chamber (5 cm diameter, 432 cm were as follows: 1H,1H,2H,2H-perfluorooctyl acrylate (+95%, Fluorochem Ltd.) for hydrophobicity using a duty cycle on-period (t on ) of 20 µs and a duty cycle off-period (t off ) of 20 ms in conjunction with 40 W power (P on ) 21 , and 1-allylimidazole, (+97%, Fisher Scientific Ltd) using a duty cycle on-period (t on ) of 20 µs and a duty cycle offperiod (t off ) of 1200 µs in conjunction with 30 W power (P on ). 22 
Characterisation
Photographs were taken using a camera (model Fujifilm FinePix S2950, Fujifilm Holdings, Japan). Higher magnification surface topography images were obtained of samples mounted onto a carbon disk supported on an aluminum holder, and coated with a 5 nm gold layer, using a scanning electron microscope (Model EVO LS 10, Carl Zeiss Microscopy Ltd).
Sessile droplet contact angle analysis was undertaken with a video capture system (Model OCA 50, DataPhysics Instruments GmbH) using 2 µL dispensation of de-ionised water for the iCVD hydrophobic samples. In the case of the PECVD hydrophobic and hydrophilic samples, sessile droplet contact angle analysis was undertaken at 20 °C with a video contact angle goniometer (VCA 2500 XE, AST Products Ltd.) using 1.0 μL droplets of high purity water (BS 3978 grade 1).
Mist collection measurements were undertaken by mounting each sample above an 11 mm inner neck diameter, 25 cm . These droplet sizes are comparable to meteorological fog 7, 23 . The distance between sample front and nebulizer was set to 4 cm. All experiments were performed at 23 °C and repeated at least three times for each substrate sample type. Mist collection experiments were also performed with the whole Salsola crassa plant (leaves and hairs), i.e. the ratio of collected water relative to the mass of the whole plant. Following water collection measurements by the plant, it was dried by gently patting with tissue paper, and the leaf hairs were removed using adhesive tape (product code AB124, Alfabant Company, Turkey). The difference in mass between plant with hairs after drying and plant without hairs after drying gave the calculated mass of hairs. Water collection by the same plant specimen following hair removal was then measured in order to determine the role of the hairs (including potential hierarchical behaviour). 
RESULTS
Salsola crassa Plant
During fog episodes in its native habitat, the hydrophobic hairy leaves of Salsola crassa were observed to collect a significant amount of water, which ran off onto surrounding soil resulting in dampness, Figure 2 . The light green leaves are circular in cross-section and shaped like a finger, typically 10-40 mm long (including the fine hairs) and 5-10 mm in diameter (2.5-4.5 mm after the hairs have been removed).
These leaves curl inwards, so enabling them to channel water towards the stem and then the ground below. Individual hairs on these leaves measured 2-5 mm in length, and hence their entanglement provides a fibrous mesh-like structure, Figure   2 . Fog collection proceeds through the growth of beaded water droplets attached to Salsola crassa hairs, which then either drip onto the ground due to gravity, or coalesce into larger-attached water droplets rolling along the contour of the Salsola crassa leaf towards the plant base (collection and channelling of water). Fog droplets bouncing off the surface were not observed. Removal of the hairs resulted in leaf wetting, indicating that the underlying leaf surface is hydrophilic (i.e. loss of hydrophobicity), which is accompanied by a deterioration of mist collection efficiency, 
Bioinspired Replication
Two generic types of readily available fibrous substrates were investigated: natural For the uncoated polyolefin fibre materials, a narrower fibre width (increase in surface area per unit mass) gives rise to an enhancement in water collection efficiency, which is simply due to the inherently higher surface areas of the finer size fibres, Figure 6 and Supporting Information Figure S 3 . 30 In the case of the relatively similar fibre size coarse and hierarchical-coarse uncoated non-woven structures, the water contact angle (hence water collection efficiency) was lower for the latter, which is probably due to the length scale of the dimples interfering with the Cassie-Baxter enhancement of hydrophobicity 25 . Figure 6 : Mist collection of Salsola crassa plant with hairs, after hair removal, flat polyethylene sheet (reference), coarse non-woven polypropylene, hierarchical-coarse nonwoven polypropylene, cotton, and fine non-woven polypropylene: (a) steady linear rate of water uptake beyond 60 min; and (b) steady linear rate of water collection (beyond 60 min) enhancement relative to complete wetting (hydrophilic functionalised) material (untreated in the case of cotton because it is already hydrophilic), Supporting Information Figure S 3 and Table S 1. Dimensions in brackets refer to fibre diameter.
Following the application of a hydrophilic coating onto the polyolefin fibres in order to enhance the surface wetting, lower water contact angles were measured compared to the reference polyolefin flat substrate, which can be attributed to the Wenzel effect 26 , Figure 6 . It was found that these lower water contact angles attenuated mist collection efficiencies.
mimic the leaf waxes of the plant Salsola crassa), there is an increase in water contact angle values due to the combination of a lower surface energy and the Cassie-Baxter effect 25 , leading to a significant enhancement in water collection efficiencies (as high as over 300 percent), Figure 6 . The narrowest fibres give rise to the most mist capture (even though the wider fibre coated cotton displays the highest water contact angle). This follows the trend observed for the uncoated polyolefin fibre materials, and highlights the importance of both fibre coating surface energy and effective surface area for mist collection.
A comparison of the rate of water collection relative to the corresponding hydrophilic surface for each type of material (i.e. normalisation for surface area)
shows that an increase in hydrophobicity (water contact angle) leads to an enhancement in water collection efficiencies, Figure 6 . Furthermore, the hierarchical dimpled surface shows the greatest enhancement in water collection compared to the single length scale (non-hierarchical) fibre materials. This suggests a synergistic effect of the hierarchical structure (collection and channelling of water), Figure 7 .
These meshes can be easily folded into various shapes including cones in order to mimic the overall three-dimensional fog collection behaviour observed for arid climate plant species such as Salsola crassa and Cotula fallax 16 . 
UNCOATED
DISCUSSION
Previous bioinspired porous structures for fog collection have included hydrophobic poly-l-lactic acid and hydrophilic polyvinyl alcohol membranes based upon spider silk (which stop performing after just 100 s of spray time due to the saturation of water collection) 27 , bilayer hydrophilic-hydrophobic meshes inspired by Berkheya purpurea African thistles 28 , and Janus hydrophobic copper mesh cylinder filled with hydrophilic cotton absorbent 29 ; none of these offer any follow-on water channelling mechanism subsequent to fog collection. Whereas, the present hierarchical meshes exhibit a continual steady rate of fog collection beyond many hours without any detectable loss in efficiency, Supporting Information Figure S 3 . The enhancement in efficiency observed by utilising a hydrophobic coating is consistent with previous studies employing conventional non-hierarchical 2-dimensional mesh structures 30, 31 , Figure   6 .
The described hierarchical surface mist collection mechanism is also a good analogue to the previously reported mist collection behaviour of the Cotula fallax plant species, where plant hairs channel collected mist droplets into localised regions, leading to their growth and eventual fall due to gravity. The fog collection behaviours associated with the three-dimensional plant species, Salsola crassa and Cotula fallax 16 can be mimicked by folding the reported hierarchical fibrous material cloths into three-dimensional structures, or by their integration into architectural building designs (cones, funnels, roofing, e.g. by utilising a support grid 32 ). It is envisaged that the adoption of such structures could overcome the disadvantages of conventional hanging two-dimensional fog harvesting nets, which are limited by their large size (due to low effective surface areas) and dependence upon wind directionality. Variants of the hierarchical fibrous cloths can be both natural and manmade materials (e.g. cotton and non-woven polypropylene respectively). For scale-up, roll-to-roll processing can be employed for the surface functionalisation of such materials. Beyond potable water, other potential uses could include the collection of water from power plant cooling towers 33 and agriculture 5, 6, 34 .
CONCLUSIONS
An increase in hydrophobicity (lower surface energy) of fibrous meshes combined with a reduction in fibre diameter (higher surface area per unit mass) leads to enhanced mist collection efficiencies. For similar fibre sizes, a hierarchical structure gives rise to further improvement in mist collection which serves as a good mimic for arid climate Salsola crassa and Cotula fallax fog harvesting plant species. 
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